Endocytosis of postsynaptic AMPA receptors is a mechanism through which efficiency of neurotransmission is regulated. We have genetically tested the hypothesis that synaptojanin 1, a phosphoinositide phosphatase implicated in the endocytosis of synaptic vesicles presynaptically, may also function in the endocytosis of AMPA receptors postsynaptically. Electrophysiological recordings of cultured hippocampal neurons showed that miniature excitatory postsynaptic current amplitudes were larger in synaptojanin 1 knockout (KO) neurons because of an increase of surface-exposed AMPA receptors. This change did not represent an adaptive response to decreased presynaptic release in KO cultures and was rescued by the expression of wild type, but not catalytically inactive synaptojanin 1, in the postsynaptic neuron. NMDAinduced internalization of pHluorin-tagged AMPA receptors (GluR2) was impaired in KO neurons. These results reveal a function of synaptojanin 1 in constitutive and triggered internalization of AMPA receptors and thus indicate a role for phosphatidylinositol(4,5)-bisphosphate metabolism in the regulation of postsynaptic AMPA responses.
Endocytosis of postsynaptic AMPA receptors is a mechanism through which efficiency of neurotransmission is regulated. We have genetically tested the hypothesis that synaptojanin 1, a phosphoinositide phosphatase implicated in the endocytosis of synaptic vesicles presynaptically, may also function in the endocytosis of AMPA receptors postsynaptically. Electrophysiological recordings of cultured hippocampal neurons showed that miniature excitatory postsynaptic current amplitudes were larger in synaptojanin 1 knockout (KO) neurons because of an increase of surface-exposed AMPA receptors. This change did not represent an adaptive response to decreased presynaptic release in KO cultures and was rescued by the expression of wild type, but not catalytically inactive synaptojanin 1, in the postsynaptic neuron. NMDAinduced internalization of pHluorin-tagged AMPA receptors (GluR2) was impaired in KO neurons. These results reveal a function of synaptojanin 1 in constitutive and triggered internalization of AMPA receptors and thus indicate a role for phosphatidylinositol(4,5)-bisphosphate metabolism in the regulation of postsynaptic AMPA responses.
Alzheimer ͉ clathrin ͉ dynamin ͉ endocytosis ͉ long-term depression T hree classes of ionotropic receptors-␣-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA), kainate, and Nmethyl-D-aspartate (NMDA) receptors-mediate responses to glutamate, the major excitatory neurotransmitter, in the nervous system. AMPA receptors are responsible for most of the fast excitatory synaptic transmission (1) . Therefore, alterations in AMPA receptor number and/or function at the synapse are likely to play an important role in synaptic plasticity and in learning and memory. AMPA receptors cycle constitutively by exoendocytosis between intracellular and surface-exposed pools, and the regulation of this cycle by signal molecules or synaptic activity allows for fast and effective control of receptor number on the postsynaptic membrane (2) (3) (4) (5) . For example, an increased number of surface-exposed AMPA receptors is a mechanism underlying long-term potentiation. Conversely, long-term depression may involve endocytosis of these receptors to reduce synaptic strength (2) (3) (4) .
Both constitutive and regulated AMPA receptor endocytosis were shown to be dependent on clathrin, the clathrin adaptors, and dynamin (3, (5) (6) (7) (8) (9) . Thus, clathrin-mediated endocytosis, a process known to play a fundamental role in the recycling of synaptic vesicles (10, 11) , also has a critical role postsynaptically, although the flux of endocytic traffic is much more intense presynaptically. Accordingly, a growing number of components of the clathrin-dependent endocytic machinery of the presynapse were reported, by either morphological or functional studies, to be present also at the postsynapse (8, 9, 12, 13) . One protein that is expressed at high levels in the nervous system and is concentrated in nerve terminals, where it has an important role in the clathrin-dependent recycling of synaptic vesicles, is synaptojanin 1 (SJ1) (14) (15) (16) (17) .
SJ1 is a polyphosphoinositide phosphatase that mediates phosphatidylinositol(4,5)-bisphosphate [PI(4,5)P 2 ] dephosphorylation (14, 15) . PI(4,5)P 2 is selectively concentrated in the plasma membrane and is a critical coreceptor for the clathrin adaptors and for a variety of other endocytic factors, including actin regulatory proteins (18, 19) . After endocytosis, PI(4,5)P 2 must be degraded to allow the shedding of these factors. SJ1, which functions in close coordination with dynamin (14, 15, 18) , is the enzyme that couples endocytosis to PI(4,5)P 2 dephosphorylation (14, 20, 21) , thus facilitating clathrin uncoating. In addition, recent studies of SJ1 knockout (KO) neurons have demonstrated that a defect in SJ1 function also results in a partial impairment of synaptic vesicle endocytosis (22) , possibly reflecting a role for PI(4,5)P 2 turnover during growth and maturation of clathrin-coated pits.
SJ1 comprises 2 distinct inositol phosphatase domains. The central 5-phosphatase domain dephosphorylates PI(4,5)P 2 [and also PI(3,4,5)P 3 ] selectively at the 5 position, whereas the N-terminal SacI domain dephosphorylates PI(4)P and also can act on other phosphoinositides (15, 23, 24) . Thus, SJ1 can dephosphorylate PI(4,5)P 2 to PI. Its C-terminal region interacts with the SH3 domains of a variety of proteins implicated in endocytosis, actin regulation, and signaling, such as endophilin, amphiphysin, syndapin/pacsin, intersectin, nArgBP2, and many others (25) (26) (27) (28) (29) .
The presence of SJ1 throughout the cell body and dendrites of neurons, albeit at a concentration lower than those in nerve terminals (15, 30) , together with the documented importance of clathrin-mediated endocytosis in AMPA receptor trafficking, raise the possibility that SJ1 may also have a function in postsynaptic endocytosis. This hypothesis is supported by the interaction of SJ1 with the postsynaptically enriched protein nArgBP2 (28) . Additionally, morphological and biochemical studies of EphrinB-EphB signaling have raised the possibility that the tyrosine phosphorylation of SJ1 by EphB may control postsynaptic endocytosis (31) . Finally, it was reported recently that reduced levels of SJ1 suppress the inhibitory effect of the A␤ peptide of the amyloid precursor protein on long-term potentiation induction (32), a phenomenon thought to reflect, at least in part, an increased number of surface-exposed postsynaptic AMPA receptors (2, 3, 5) . We have now explored a postsynaptic function of SJ1 using a genetic model-hippocampal neuronal cultures from SJ1-KO mice.
Results

Increased AMPA Miniature Excitatory Postsynaptic Current (mEPSC)
Amplitudes in SJ1-KO Neurons. Electrophysiological recordings of cultured hippocampal neurons from wild-type (WT) and SJ1-KO mice revealed that mEPSC amplitudes, known to be mediated by AMPA receptors, were larger in SJ1-KO (23.5 Ϯ 2.1 pA, n ϭ 20) than in WT (16.0 Ϯ 0.6 pA, n ϭ 21) cells (P Ͻ 0.01) ( Fig. 1 A-C) . Most likely reflecting this change, the frequency of mEPSCs with amplitudes greater than 5 pA, the threshold used for the analysis, was also increased (SJ1-KO: 5.49 Ϯ 0.98 Hz, WT: 3.17 Ϯ 0.85 Hz; P Ͻ 0.05) ( Fig. 1 A and D) . However, both the amplitude (WT: 20.2 Ϯ 0.9 pA, n ϭ 15; SJ1-KO: 20.6 Ϯ 0.9 pA, n ϭ 15; P Ͼ 0.05) and frequency (WT: 0.80 Ϯ 0.09 Hz, SJ1-KO: 0.85 Ϯ 0.14 Hz; P Ͼ 0.05) of mEPSCs generated by the selective activation of NMDA receptors [as analyzed by the addition of 20 M glycine, removal of extracellular Mg 2ϩ , and blocking of A MPA receptors with 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)] were the same in the 2 genotypes. Therefore, the increase in frequency observed for AMPA mEPSCs is only apparent and reflects the more frequent occurrence of events above the 5-pA threshold. No difference between WT and SJ1-KO neurons was observed in AMPA mEPSC rise time (WT: 1.90 Ϯ 0.07 ms, SJ1-KO: 1.75 Ϯ 0.07 ms; P Ͼ 0.05) or decay time (WT: 2.74 Ϯ 0.09 ms, SJ1-KO: 2.57 Ϯ 0.11 ms; P Ͼ 0.05).
A selective increase of AMPA mEPSC amplitude, but not NMDA mEPSC amplitude, in SJ1-KO neurons suggested a postsynaptic locus of the change. This was further confirmed by the ''rescue'' of these changes via the selective expression of SJ1 in the postsynaptic neuron (see below). The change in AMPA responsiveness of the postsynapse could be explained by an increase in either the conductance of individual AMPA receptors or their total number. We next used nonstationary fluctuation analysis (33) to distinguish between the 2 possibilities. For a given postsynaptic cell, we obtained the average mEPSC and then scaled individual mEPSCs to the peak of this event. This allowed us to obtain a mean-versus-variance curve of mEPSCs and to estimate the single-channel current and the number of channels involved in each mEPSC. The average single-channel current was not different between WT (0.40 Ϯ 0.05 pA, n ϭ 17) and SJ1-KO (0.43 Ϯ 0.05 pA, n ϭ 17) neurons (P Ͼ 0.05) (Fig.  1E) . However, the estimated number of open channels was increased by Ϸ70% in SJ1-KO neurons (WT: 127 Ϯ 22, SJ1-KO: 221 Ϯ 35; P Ͻ 0.01) (Fig. 1F) , suggesting an increased number of AMPA receptors at the synapse.
Rapid application of 100 M glutamate was used to determine whether overall AMPA responses (i.e., effects involving both synaptic and nonsynaptic receptors) also were altered in SJ1-KO neurons. AMPA responses were larger in SJ1-KO cells (SJ1-KO: 4.33 Ϯ 0.44 nA, n ϭ 21; P Ͻ 0.01) than in WT cells (WT: 2.83 Ϯ 0.27 nA, n ϭ 21), whereas NMDA responses were similar in the 2 genotypes (WT: 2.98 Ϯ 0.25 nA, n ϭ 21; SJ1-KO: 3.38 Ϯ 0.29 nA, n ϭ 21; P Ͼ 0.05) (Fig. 1G) . As a result, the ratio of AMPA/NMDA current increased by 35% in SJ1-KO neurons (WT: 100 Ϯ 10.5%, n ϭ 21; SJ1-KO: 136 Ϯ 12%, n ϭ 21; P Ͻ 0.05) (Fig. 1H) . Collectively, these results are consistent with an impaired endocytosis of AMPA receptors, and thus with an increased number of AMPA receptors in the plasma membrane.
The Increase in mEPSC Amplitude Is Not Due To Altered Presynaptic
Activity. Previous studies of cultured hippocampal neurons have shown that the number of AMPA receptors present in the postsynaptic membrane may vary as a function of presynaptic activity and that this plasticity plays an important role in maintaining synaptic homeostasis (34) . Since transmission at synapses of SJ1-KO neurons depresses faster and more intensely than in WT during prolonged stimulation (14, 35) , the increase in postsynaptic AMPA receptor number at SJ1-KO synapses may represent an adaptive response to a change in presynaptic function, rather than to a primary postsynaptic defect. To test this hypothesis, mEPSCs of WT and SJ1-KO neurons were measured after a prolonged but reversible block of synaptic transmission. Under these conditions, any difference resulting from a change in presynaptic release should be abolished.
Blockage of synaptic transmission via chronic exposure to AMPA receptor inhibitors (for example, CNQX) or to the Na 22; CNQX: 4.59 Ϯ 0.62 Hz, n ϭ 21; P Ͻ 0.05) neurons ( Fig. 2  A and D) . Prolonged exposure to CNQX also caused a small increase in mEPSC amplitude in both WT (control: 16.3 Ϯ 0.5 pA, CNQX: 19.4 Ϯ 1.5 pA; P Ͻ 0.05) and SJ1-KO (control: 22.9 Ϯ 1.3 pA, CNQX: 25.5 Ϯ 1.5 pA; P Ͼ 0.05) neurons, although the increase in SJ1-KO neurons was not statistically significant ( Fig. 2 A-C) . Importantly, even in cultures chronically blocked with CNQX, significantly larger mEPSC amplitudes were observed in SJ1-KO than in WT neurons (CNQX-treated WT: 19.4 Ϯ 1.5 pA, CNQX-treated SJ1-KO: 25.5 Ϯ 1.5 pA; P Ͻ 0.05) (Fig. 2 A-C) . Thus, the increased amplitude of mEPSCs in SJ1-KO neurons does not result from altered presynaptic activity. Most likely, it reflects a role of SJ1 in controlling the pool of AMPA receptors at the surface of the postsynaptic cell.
Transfection of SJ1 in SJ1-KO Neurons Restores Normal mEPSC Am-
plitudes. To provide a direct demonstration that the changes in mEPSC amplitude were due to the lack of SJ1 in the postsynaptic cell, ''rescue'' experiments were performed. To this aim, both major splice variants of SJ1-SJ1-145 and SJ1-170 (15)-were transfected into cultured SJ1-KO hippocampal neurons using the pIRES2-GFP vector. This vector induces the independent expression of GFP, thus allowing the identification of transfected neurons. The shorter splice variant, SJ1-145, is the isoform that by far predominates in the adult nervous system, where it is concentrated at synapses (15) . The longer splice variant, SJ1-170, which comprises an additional 30-kDa C-terminal extension, predominates early in the developing nervous system and represents a housekeeping isoform present at low levels in most cell types (15, 38) . Expression in SJ1-KO neurons of either SJ1-145 or SJ1-170, but not of GFP alone, restored mEPSC amplitude to normal values (Fig. 3) . Correspondingly, the frequency of mEPSCs greater than 5 pA, the threshold used for the analysis, also was restored to normal levels in cells transfected with either SJ1 isoform (SJ1-145: 1.42 Ϯ 0.34 Hz, P Ͻ 0.05; SJ1-170: 1.69 Ϯ 0.35 Hz, P Ͻ 0.05; GFP: 2.87 Ϯ 0.51 Hz) (Fig. 3 A and C) . Because only a few cells in each culture were transfected with the protocol used (typically Ͻ1%), most inputs to these cells originate from nontransfected neurons. Thus, these experiments also indicate very strongly that the rescue occurs by the expression of SJ1 in the postsynaptic cell.
The Phosphatase Activity of SJ1 Is Required for Normal mEPSC Amplitude. Next, the importance of the phosphatase activity of SJ1 in regulating AMPA responsiveness of the postsynaptic cell was investigated. A mutant SJ1-145 construct (mtSJ1-145) harboring 2 point mutations that impair the catalytic activity of the Sac1 (C383S) and 5-phosphatase (D730A) (22) modules, respectively, was generated. Control experiments confirmed the complete loss of enzymatic activity of mtSJ1-145 (22) . Electrophysiological recordings showed that SJ1-KO neurons expressing WT SJ1-145 had smaller mEPSC amplitudes (19.3 Ϯ 1.8 pA, n ϭ 16) than neurons expressing mtSJ1-145 (26.1 Ϯ 1.9 pA, n ϭ 16; P Ͻ 0.01) (Fig. 4 A and B) , thus confirming the critical role of the catalytic activity of SJ1 in controlling postsynaptic AMPA responses. Accordingly, neurons expressing WT SJ1-145 also displayed an apparently lower mEPSC frequency (events with a threshold higher than 5 pA) (SJ1-145: 3.01 Ϯ 0.69 Hz, mtSJ1-145: 6.09 Ϯ 1.34 Hz; P Ͻ 0.05) (Fig. 4 A and C) . decrease in fluorescence as it translocates from the neutral pH (Ϸ7.4) of the extracellular medium to the acidic (pH Ͻ 6.0) pH of endosomes (39, 40) . Thus, changes in the fluorescence intensity of pH-GluR2 report the endocytosis of this chimeric glutamate receptor (39, 40) . In WT neurons, application of NMDA for 5 min produced a strong attenuation of fluorescence intensity in the dendrites (0.45 Ϯ 0.06 reduction, n ϭ 8) (Fig. 5) , which was more prominent in dendritic shaft, consistent with previous reports (40) . In SJ1-KO neurons, the reduction in fluorescence intensity induced by NMDA application was significantly smaller (0.20 Ϯ 0.02 reduction, n ϭ 8; P Ͻ 0.05) (Fig. 5) . Thus, AMPA receptor endocytosis induced by NMDA involves SJ1.
Discussion
Our results demonstrate that lack of SJ1 in hippocampal neurons results in an increase in mEPSC amplitude at excitatory synapses that can be attributed to an increase in the number of surface AMPA receptors by nonstationary f luctuation analysis. This increase is not limited to AMPA receptors localized at the synapse, as shown by AMPA responses induced by puffs of glutamate, thus suggesting that the change is not explained by a modified equilibrium between synaptic and extrasynaptic receptors.
Several considerations indicate that the increase in mEPSC amplitude observed in SJ1-KO neurons is not likely to result from decreased presynaptic efficiency in SJ1-KO cultures. First, the increase persisted in cultures that had been exposed to a prolonged preincubation with the AMPA receptor inhibitor CNQX to induce a chronic block of synaptic activity. Second, no obvious differences in mEPSC dynamics, including rise time and decay time, were observed between WT and SJ1-KO neurons. In contrast, previous studies have demonstrated that following chronic blockage of AMPA receptor responses with NBQX (an analogue of CNQX), mEPSCs have faster dynamics due to a modified contribution of specific AMPA receptor isoforms (greater contribution of GluR1 homomers) to AMPA-mediated currents (36) . Third, and most importantly, changes in the amplitude of AMPA mEPSCs observed in SJ1-KO neurons were rescued by the selective expression of SJ1 in postsynaptic cells.
A major mechanism underlying the control of synaptic strength is the net balance between the continuous delivery to (by exocytosis) and removal from (by endocytosis) the postsynaptic membrane of AMPA receptors (2, 4, 5) . This exo-endocytic recycling occurs continuously, largely independently of synaptic activity (4, 41) . In view of the strong evidence linking SJ1 to the endocytic pathway (14, 16, 17, 22) , the increase in mEPSC amplitude observed in SJ1-KO neurons is likely to be explained, at least in part, by a defect in the endocytic limb of this cycle. This possibility is strongly supported by the impaired NMDA-dependent internalization of pH-GluR2 observed in these neurons.
The formation of a clathrin-coated endocytic pit is triggered by the binding of clathrin adaptors to the membrane in a process involving both PI(4,5)P 2 and membrane proteins (14, 18, 42) . Dephosphorylation of PI(4,5)P 2 by SJ1 and other phosphatases is critical to promote shedding of the clathrin coat immediately after fission, and perturbation of SJ1 function produces a delay of recycling membranes at a postendocytic stage (14, 21) . In addition, recent studies of exo-endocytosis in the presynaptic compartment suggest that lack of SJ1 also inhibits, at least partially, the internalization reaction of endocytosis (22) . A similar role in endocytosis was reported for synaptojanin 2 (43), a homologue of SJ1 that is expressed at much lower levels than SJ1 in the nervous system. This inhibition may reflect sequestration of endocytic factors on postendocytic membranes, with a resulting reduction in their availability to initiate new endocytic events. Alternatively, as some studies suggest, it may be due to a need for a dynamic cycle of PI(4,5)P 2 synthesis and dephosphorylation on the plasma membrane during the growth of a clathrin-coated pit (20) . Thus, it is plausible that a defect in endocytosis may underlie the enhanced mEPSC amplitude in SJ1-KO neurons.
A role for SJ1 in the postsynaptic endocytic pathway is in good agreement with the large body of evidence indicating major functional similarities between presynaptic and postsynaptic endocytic mechanisms. In this respect, the reported postsynaptic role of dynamin isoforms (12, 44) is of special interest, because SJ1 was identified as a ligand for many of the same proteins that also bind dynamin (15, 26, 27, 29) . We also note that a major SJ1- and dynamin-interacting protein, nArgBP2, is a postsynaptically enriched scaffold protein (28) . Additional mechanisms through which lack of SJ1 may mediate enhanced AMPA responsiveness-i.e., mechanisms independent of changes in endocytosis-may come into play. For example, PI(4,5)P 2 is a major regulator of actin nucleation (18) , and the increase in neuronal PI(4,5)P 2 levels (about 60%) resulting from the absence of this protein (14) may produce changes in actin dynamics within dendritic spines. These changes, in turn, may affect synaptic structure and function with indirect affects on AMPA receptor responses (18) .
Two previous observations are particularly noteworthy in the context of our findings. The first is that SJ1 was proposed to be a key component of the signaling pathway that mediates the modulatory effect of the EphrinB-EphB-2 system on the endocytosis of AMPA receptors triggered by both NMDA and AMPA applications. SJ1 is a physiological substrate for the tyrosine kinase activity of the EphB2 receptors, and SJ1 mutants that cannot be phosphorylated by EphB have a dominant negative effect on these endocytic reactions (31) . Our results provide genetic evidence supporting this hypothesis. The second is that SJ1 is an important physiological binding partner of endophilin (26, 29) which, in turn, is a major interactor of Arc. Arc, a protein whose induction is strongly stimulated by synaptic activity, down-regulates AMPA responses by promoting AMPA receptor endocytosis (45) .
SJ1 is a prominent substrate for calcineurin, a Ca 2ϩ -dependent serine-threonine phosphatase. The action of calcineurin reverses an inhibitory constitutive phosphorylation of SJ1 at rest and promotes its endocytic function upon synapse stimulation (30, 46) . The observation that NMDA application activates calcineurin and that the stimulatory effect of NMDA application on AMPA receptor endocytosis is blocked by calcineurin antagonists (47) is consistent with a model in which postsynaptic SJ1 is involved in mediating some of the effects of NMDA receptor activation. Interestingly, a recent study showed that decrease of PI(4,5)P 2 is required to trigger internalization of AMPA receptors in response to NMDA activation, and that inhibition of PLC, another manipulation that enhances PI(4,5)P 2 levels, impairs NMDA-induced AMPA receptor internalization and long-term depression (48) .
Finally, our findings may have implication in the field of Alzheimer's disease. It was reported that amyloid-␤ peptide implicated in Alzheimer's disease induces synaptic dysfunction at least in part by triggering the internalization of AMPA receptors (49) . It is, therefore, of interest that decreased expression of SJ1 suppresses the inhibiting effect of this peptide on long-term potentiation (32) . Conversely, excess of SJ1, as it occurs in Down's syndrome patients as a consequence of the triplication of the SJ1 gene, correlates with early-onset Alzheimer's diseases in these patients (50) . Although increased expression of the amyloid precursor protein, whose gene also is triplicated in Down's syndrome, is likely to play a major role in early-onset Alzheimer's disease, increased SJ1 function may synergize with the actions of amyloid-␤ peptide on AMPA in inducing AMPA receptor internalization.
Materials and Methods
Neuronal Cultures and Transfection. Primary hippocampal neuronal cultures were prepared as described (51) from newborn littermates derived from the mating of mice heterozygous for the SJ1 null mutation (14) . Transfections were carried out at 3-5 DIV in 24-well plates using 1.5 g DNA per well and Lipofectamine 2000 (Invitrogen). Following 3-5 h of exposure to Lipofectamine, coverslips were washed thoroughly and returned to the original culture medium until used.
Cloning of SJ1 in the pIRES2-GFP Vector. The pIRES2-GFP-SJ1-170 was cloned in 2 steps. First, the N-terminal portion of the SJ1 cDNA was obtained by PCR from our pcDNA-FLAG-SJ1-170 plasmid by using a 5Ј primer that added an NheI site to the 5Ј end of the gene and a 3Ј primer that encoded the EcoRI site at nucleotide 339. This PCR product and the pIRES2-GFP vector (Clontech) were digested with NheI and EcoRI and then ligated to produce a pIRES2-GFP-N-terminal SJ1 construct. Next, pcDNA-FLAG-SJ1-170 (which has both an internal and a C-terminal EcoRI site) and pIRES2-GFP-N-terminal SJ1 were digested with EcoRI alone, and the SJ170 fragment was ligated into the pIRES2-GFP-N-terminal SJ1 vector.
The pIRES2-GFP-SJ145 was obtained by digesting both pIRES2-GFP-SJ170 and pGEX SJ1-145-PRD (encoding a fusion protein of the proline-rich domain of SJ1-145; ref. 15) with SpeI and SalI. The pIRES2-GFP-SJ1-145 was generated by ligation of the resulting fragments.
Electrophysiology. Whole-cell patch clamp recordings of mEPSC were performed on 13-16 DIV primary hippocampal neuronal cultures. During recordings, neurons were continuously perfused with an extracellular solution containing (in mM) 140 NaCl, 3 KCl, 2 CaCl 2, 2 MgCl2, 10 Hepes, and 20 glucose, buffered to pH 7.3 with NaOH. The intracellular solution present in the pipette contained (in mM) 115 CsMeSO 4, 20 CsCl, 10 Hepes, 0.6 EGTA, 2.5 MgCl2, 0.4 Na3GTP, 4 Na2ATP, and 10 sodium phosphocreatine. A concentration of 50 M picrotoxin (PTX) was used to block inhibitory synaptic transmission, and 500 nM TTX was used to block the generation of action potentials. NMDA mEPSCs were recorded at Ϫ60 mV in the extracellular solution described above but lacking MgCl 2 and containing 10 M CNQX to block AMPA receptors and 20 M glycine to activate NMDA receptors. Whole-cell AMPA and NMDA currents evoked by fast application of 100 M glutamate for WT and SJ1-KO cells were recorded in the presence of 500 nM TTX and 50 M PTX. AMPA current was recorded by blocking NMDA receptors with 50 M APV at the holding of Ϫ60 mV, and NMDA current was recorded with 10 M CNQX to block AMPA receptors and 20 M glycine to activate NMDA receptor at the holding potential of ϩ60 mV.
Recordings were acquired with an EPC-9 amplifier (HEKA). Glass electrodes (Hilgenberg) were pulled with a Sutter P-97 micropipette puller (Sutter Instruments) to a tip resistance of 2-3 M⍀. Data were filtered at 1 kHz, digitized at 2 kHz, and analyzed using the Mini Analysis Program (Synaptosoft). The threshold of mEPSC amplitude was set at 5 pA. The holding potential was Ϫ60 mV. Series resistance (R S) during whole-cell recordings was not compensated, and recordings with R S greater than 20 M⍀ were not included in the analysis. Data were initially pooled into 3 separate genotype groups (WT, HT, and SJ1-KO). Data from WT (15.4 Ϯ 0.9 pA, n ϭ 17) and HT (16.4 Ϯ 0.7 pA, n ϭ 16; P Ͼ 0.05) were then pooled together because no significant difference was observed between WT and HT recordings.
Nonstationary Noise Analysis. Nonstationary noise analysis was performed as described previously (33) . The baseline variance was measured from a postevent current and subtracted from the total variance. The variance was plotted against mean amplitude (i), binned, and the relationship variance ϭ iI Ϫ i 2 /N was fit (least-squares method) to the data points to obtain I, the single-channel unitary current, and N, the number of channels responsible for generating mEPSCs. All statistical results are given as average Ϯ SEM, and the significance was evaluated using t tests or 1-way ANOVA. * indicates P Ͻ 0.05, and ** indicates P Ͻ 0.01.
pH-GluR2 Imaging Experiments.
All imaging experiments were performed at room temperature using a Leica DMI 6000B system. pHluorin was imaged with 488-nm excitation, and fluorescence was collected through a 510-nm longpass filter and a 40ϫ N.A. 1.25 objective. Images were collected at a rate of 1 image per minute. Neurons were continuously perfused at the flowing rate of Ϸ1 ml/min into a round chamber (1.1-cm diameter) with an extracellular buffer containing 140 mM NaCl, 3 mM KCl, 2 mM CaCl 2, 2 mM MgCl2, 10 mM Hepes, 20 mM glucose, and 0.5 M TTX (pH 7.3). The composition of NMDA perfusion solution was similar to that of extracellular buffer except that it also contained 300 M MgCl 2 , 20 M NMDA, and 10 M glycine. Images were collected for 5 min to establish a baseline (F0) before perfusion with NMDA solution for 5 min. Subsequently, neurons were continuously perfused with extracellular buffer to monitor fluorescence recovery. Images were analyzed using National Institutes of Health ImageJ software. Changes of average fluorescence intensity were manually traced to compensate for x-y shift and are expressed as ⌬F/F 0.
